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A Novel Family of Candidate
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dorsally to the MOB, which in turn projects to specific
nuclei of the medial amygdala. Surgical ablation of the
VNO in rodents has been shown to profoundly impair
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Harvard University pheromone-induced behaviors such as mating and terri-
torial defense and to perturb associated neuroendocrineThe Biolabs
16 Divinity Avenue responses such as male testosterone surge and female
oestrus cycle (Halpern, 1987; Wysocki, 1989). Phero-Cambridge, MA 02138
mone signals ultimately result in activation of centers of
the ventromedial hypothalamus involved in reproductive
and aggressive responses (reviewed in Wysocki, 1989).
The stereotyped and instinctive character of the re-Summary
sponse to pheromones offers a unique opportunity to
unravel the neural basis of genetically preprogrammedPheromonal activation of the vomeronasal organ
behaviors in mammals.(VNO) elicits genetically preprogrammed behaviors
How are the specificity and the diversity of the phero-and physiological changes in mammals. We have iden-
mone signaling achieved? With few exceptions, the ex-tified a novel gene family encoding over one hundred
act nature of the mammalian pheromones present inVNO specific receptors, the V3Rs. V3R sequences are
urine and in other animal secretions is unknown (No-highly similar to each other and appear distantly re-
votny et al., 1985, 1999; Jemiolo et al., 1986). In order tolated to the putative pheromone receptors, V1Rs, and
provide direct insight into the sensory code translatingthe taste receptors, T2Rs. Within the VNO, V3R-posi-
pheromone detection into specific behavioral arrays, wetive neurons are distinct from neurons expressing the
and others have aimed at characterizing genes encod-pheromone receptor families V1R and V2R. The V3Rs
ing the mammalian pheromone receptors. Differentialare likely to represent a new large family of pheromone
screening of cDNA libraries constructed from individualreceptors in mammals. Multiple V3R-related human
VNO neurons has led to the isolation of two independentsequences have been identified, including one clone
families of putative pheromone receptor genes, theretaining the capacity to create a complete and func-
V1Rs and V2Rs, that are unrelated to both the olfactorytional transcript. Our data uncover a striking complex-
receptors (ORs) and to each other (Dulac and Axel, 1995;ity in the molecular and cellular organization of the
Herrada and Dulac, 1997; Matsunami and Buck, 1997;VNO and provide an essential framework for the study
Ryba and Tirindelli, 1997). The V1R family comprisesof pheromone signaling in mammals.
about 50 receptor genes that share between 50% and
90% identity with each other. So far, functional V1RIntroduction
sequences have been found only in rodents, and their
characteristic sequence motifs appear distantly relatedThe detection of natural scents is essential in providing
to the mammalian T2R genes encoding receptors foranimals with sensory information about their surround-
bitter tastants (Adler et al., 2000; Chandrashekar et al.,ings. In terrestrial vertebrates, large arrays of volatile
2000; Matsunami et al., 2000). In contrast, the V2R familyodorants are detected in the nasal cavity by sensory
of pheromone receptors, also identified in fugu and inneurons of the main olfactory epithelium (MOE), eliciting
goldfish (Cao et al., 1998; Naito et al., 1998), sharesthe perception of smell. Smell enables the organism to
significant sequence similarity with a class of G protein–perceive the external chemical world at large and leads
coupled receptors comprised of the Ca21-sensing re-to behavioral, cognitive, and emotional responses that
ceptor, the metabotropic glutamate receptors and twoare largely shaped by learning and experience. Neurons
putative taste receptors T1R1 and T1R2 (Hoon et al.,of the MOE project their axons to the main olfactory
1999). This receptor family, which in mouse and rat con-bulb (MOB) in the dorsal telencephalon, which in turn
tains 50–100 functional genes, is characterized by a verysend fibers to the primary olfactory cortex (Farbman,
large and divergent N-terminal domain that is likely to1992). In contrast, more primal information is carried by
represent the extracellular ligand binding domain.species-specific blends of chemicals, the pheromones,
Why has such molecular diversity of vomeronasal re-and is likely to bypass the brain’s cognitive centers.
ceptors emerged? The recent analysis of VNO responsePheromones have evolved in all animal phyla, including
to pheromonal stimuli directly demonstrates that naturalmammals, to signal the sex and the dominance status
sources of pheromones, such as urine, activate largeof animals and to promote mating and social rituals
subsets of sensory neurons (Holy et al., 2000). However,among conspecifics. In mammals, pheromones are pri-
in sharp contrast to the combinatorial mode proposedmarily detected in a distinct olfactory structure apposed
for olfactory recognition in which specific odorants areto the ventral nasal septum, the vomeronasal organ
recognized by multiple and overlapping populations of(VNO). Tracing experiments show that VNO sensory pro-
MOE neurons (Buck, 2000), individual pheromonal com-jections are kept separate from those of the MOE: VNO
pounds seem to activate distinct subsets of VNO neu-fibers reach the accessory olfactory bulb (AOB) located
rons (Leinders-Zufall et al., 2000). The lack of promiscu-
ity in the VNO neuronal response implies that multiple* To whom correspondence should be addressed (e-mail: dulac@
fas.harvard.edu). subpopulations of VNO neurons, each presumably ex-
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pressing a specific pheromone receptor, function as
independent chemosensors for many still uncharacter-
ized pheromonal cues.
The large heterogeneity and extreme specificity in the
VNO neuronal response leads to the prediction of a high
molecular diversity among pheromone receptors. We
report here the characterization in mouse of a novel
family of candidate pheromone receptor genes, the
V3Rs, with a potential functional homolog in humans.
This gene family appears distantly related to the V1R
family of pheromone receptors and the T2R family of
taste receptors. We show that V3R neurons form a dis-
tinct population of VNO sensory neurons in the apical
VNO neuroepithelium. Our data demonstrate a striking
cellular and molecular complexity in the organization of
the mammalian vomeronasal system and provide an
essential framework for the understanding of phero-
mone signaling leading to innate behaviors.
Results
The VNO neuroepithelium is subdivided into two ana-
tomically and molecularly distinct compartments: the
luminal (or apical) half of the neuroepithelium coex-
presses V1Rs and a G protein a subunit Gai2, whereas
the basal half is V2R and Gao positive (Figure 1). Immuno-
cytochemistry suggests that fibers reaching the AOB Figure 1. Molecular and Cellular Organization of the Vomeronasal
are likely to stay segregated according to their origin Organ
from the apical or basal sides of the VNO, with Gao-pos- Two types of VNO sensory neurons can be distinguished anatomi-
cally and molecularly. Neurons located in the most apical zone ofitive fibers projecting to the posterior half of the AOB
the neuroepithelium lining the VNO lumen (represented in red) coex-and Gai2-positive fibers reaching the anterior portion of
press the G protein a subunit Gai2 and a member of the V1R familythe AOB (Imamura et al., 1985; Ichikawa et al., 1994;
of vomeronasal receptors. In contrast, neurons located in the most
Halpern et al., 1995; Jia and Halpern, 1996; Sugai et al., basal part of the neuroepithelium (depicted in orange) coexpress
1997, 2000). the G protein a subunit Gao and a member of the V2R family of
In order to characterize new components of the mam- receptors. Neurons expressing the V1R or the V2R family of putative
pheromone receptors project, respectively, to the anterior and pos-malian vomeronasal signaling pathway, we have under-
terior halves of the AOB.taken a systematic comparison of transcripts expressed
by MOE neurons and by individual VNO neurons origi-
nating from either the apical or the basal zone. By reduc-
32P-labeled C10 and reiterative screenings at both highing the molecular complexity of the pool of transcripts
and low stringency of hybridization led to the isolationto that of a unique cell with an identified phenotype, the
of several distinct but related transcripts, referred to asconstruction and screening of cDNA libraries prepared
V3Rs. The amino acid sequences deduced from 10 offrom individual neurons offers a unique and powerful
them, the V3R1-10, are shown in Figure 2A. Transcriptcloning strategy (Dulac and Axel, 1995). Briefly, individ-
length ranges from 2 to 3 kb and encodes 326–340 aminoual MOE and VNO neurons were isolated from cell sus-
acid–long open reading frames. No transcripts that con-pensions of olfactory and vomeronasal neuroepithelia
tain deleterious mutations or that might represent pseu-and seeded into PCR tubes. Subsequent reverse tran-
dogenes were found.scription and PCR amplification (see Experimental Pro-
cedures) generate microgram amounts of DNA samples,
each representing a given single-cell transcriptome. Identification of a Novel Receptor Family
in the VNODifferential screening of a cDNA library originating
from a Gai2-positive neuron (VNO-C) with a cDNA probe Hydropathy analysis of the V3R ORFs identifies seven
hydrophobic regions representing potential membrane-originating from a MOE neuron (MOE-1) and a second
probe resulting from the subtractive product of VNO-C spanning domains. Thus, V3Rs share the hallmark for
members of the superfamily of G protein–coupled recep-and MOE-1 cDNAs (see Experimental Procedures) led
to the isolation of 19 independent, C-specific transcripts. tors (GPCR). These receptor sequences (Figure 2A)
show very short (7–29 amino acids) putative extracellularOne of them, a 575 bp partial cDNA clone named C10
was represented at a frequency of 0.1% of the cDNA N-terminal sequences with no apparent signal peptide,
and 19–30 amino acid–long intracellular C-terminal re-clones in the VNO-C single-cell cDNA library. In situ
hybridization on VNO cross sections with a digoxigenin gions. V3R amino acid sequences appear highly related
to each other, with pairwise identity ranging from 90%antisense RNA probe of C10 revealed an expression
pattern that was quite reminiscent of receptor expres- (V3R1 and V3R2) to 47% (V3R1 and V3R9).
Sequence comparison among the V3Rs reveals longsion. Screening of a mouse VNO cDNA library with
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stretches of virtually identical sequences in all receptors recognized by the probe. We first performed hybridiza-
tion at high stringency with six individual receptorexamined (Figure 2A, see in particular the amino acids
at positions 27–75, 95–133, 156–176, 208–236, 251–275, probes that do not cross hybridize with each other and
are thus likely to recognize distinct sets of genes in theand 301–314). This range of sequence similarity is highly
consistent with the existence of a shared function genome. As shown in Figure 2B, each probe recognized
1–10 distinct bands, indicating the existence of subfami-among the receptors of the V3R family. In contrast, some
divergent regions can be identified among the receptor lies of V3R sequences closely related to each receptor
probe. In total, all probes combined recognized aboutsequences that appear mostly localized to the extracel-
lular loops connecting the putative transmembrane do- 25 distinct bands. After low stringency conditions of
hybridization, a larger number of bands could be de-mains as well as to the transmembrane domains and to
the C-terminal tail. The sequence variability observed tected (data not shown), suggesting the presence of an
even larger number of V3R-related sequences in thebetween the V3Rs suggests the ability of these recep-
tors to recognize different ligands. mouse genome.
A direct estimate of the size of the V3R family wasSequence comparison and database searches indi-
cate distant sequence homology between the V3Rs and obtained by screening a genomic library under reduced
stringency conditions. A mix of V3R receptor probestwo other families of chemosensory receptors: the puta-
tive pheromone receptors, V1Rs (Dulac and Axel, 1995), was shown to identify about 120 positive clones per
haploid genome. This led us to estimate the overall sizeand the mammalian taste receptors, T2Rs (Adler et al.,
2000; Chandrashekar et al., 2000; Matsunami et al., of the V3R family to about 100–120 receptor genes. A
similar experiment conducted with a mix of V1R receptor2000). Systematic pairwise alignment identifies 16%–
23% sequence identity shared between the mouse V1Rs probes suggested the existence of about 80 positive
clones per haploid genome, suggesting a similar, al-and V3Rs, and 11%–15% sequence identity between
the mouse V3Rs and T2Rs. In contrast to the dramatic though slightly smaller, size for the V1R family.
sequence similarity shared among the V3Rs, only small
and sparse stretches of amino acids can be found that V3R Expression Pattern
are common between the V3Rs and respectively the To investigate the localization of V3R-expressing neu-
V1Rs and the T2Rs (Figure 2A). Consensus sequences rons, digoxigenin-labeled RNA antisense probes from
among V1Rs, V3Rs, and T2Rs are located for the most each individual V3R receptor were hybridized to cross
part in prospective transmembrane regions, as well as in sections of mouse VNO epithelium. In adult each recep-
the third cytoplasmic loop connecting transmembrane tor probe recognizes a small subpopulation comprising
domains 5–6. This intracellular region has been shown 0.2%–2.2% of the VNO sensory neurons (Figures 3A–
in certain classes of GPCRs to couple to intracellular 3E). No quantitative or qualitative difference was ever
signal transduction proteins (Hamm et al., 1988; Kobilka observed when hybridization was performed on VNO
et al., 1988). Importantly, the signature amino acid motifs tissue dissected from a male or a female mouse. In a
characterizing the V1R family (Dulac and Axel, 1995), second set of experiments, double in situ hybridizations
such as the consensus sequences LSPRSSCL (transmem- were performed systematically in all pairwise combina-
brane domain 3 [TM3] and adjacent cytoplasmic loop), tions with digoxigenin- and fluorescein-labeled anti-
KXSPEQ/KRAT (TM5 to TM6 loop), and YATXSPFVF sense RNA probes from non-cross-hybridizing V3R re-
(TM7), are absent in the V3Rs. At those locations, V3Rs ceptor probes. Results indicate that neurons labeled
display consensus motifs that are distinct from that of with a given V3R receptor probe are never recognized
the V1Rs. This observation together with the presence by a second and different V3R receptor probe (Figures
of multiple other signature sequences proper to V3Rs 4A–4F). This experiment suggests that V3R-positive
and the overall distant similarity shared between V1Rs neurons are likely to express only one or few members
and V3Rs suggests that V1Rs and V3Rs constitute two of the V3R receptor family.
distinct functional groups of receptors. In the course of our in situ hybridization experiments
We noticed that, when comparing sequence homolo- with antisense receptor probes, we made the observa-
gies shared within each family, V3R sequences appear tion of a curious and quite striking localization of the
overall more highly conserved than the V1Rs and T2Rs. hybridization signal to both the cytoplasm and a distinct
This might indicate that V3R sequences have emerged site within the nucleus, generating a unique bright (for
most recently during evolution (see also below) or that fluorescent in situ) or blue (with the phosphatase sub-
selective pressure—presumably the necessity to con- strate precipitate) nuclear “dot.” This nuclear dot is only
serve recognition sites for specific classes of ligands observed in neurons with cytolasmic hybridization, indi-
and/or for other molecular partners—has been op- cating the specificity of the labeling to neurons express-
erating to eliminate sequence changes. ing a given receptor. Similar results were obtained with
both V1R and V2R probes but not with any other nonre-
ceptor probe or sense probes. We confirmed the nuclearThe Size of the V3R Family
The V3R receptor probes were hybridized to mouse ge- localization of the signal on Z series of optical sections
with the confocal microscope after nuclear staining ofnomic DNA that had been fragmented with restriction
enzymes. The V3R sequences, like many other genes cells with To-Pro3 (Figure 4M). This nuclear concentra-
tion of receptor RNAs may result from the combinationof the GPCR superfamily, are not interrupted by introns
in their coding regions. Therefore, the number of bands of an extremely high transcriptional rate together with
unusual RNA stability. Alternatively, it may result fromhybridizing to a given receptor probe on a genomic
Southern roughly approximates the number of genes a perhaps more interesting and olfactory specific mech-
Neuron
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Figure 2. Amino Acid Sequences Deduced from cDNAs of the V3R Family of Putative Pheromone Receptors and Southern Blot Analysis of
Mouse Genomic DNA
(A) Amino acid sequence alignment of 10 V3R family members, 2 V1Rs, and 2 T2Rs. The V3Rs display strong sequence homology to each
other, with weaker similarity to the V1Rs and T2Rs. Predicted position of seven-transmembrane domains is indicated by bars numbered I to
VII. Identical amino acids shared between multiple sequences are indicated by dark shading, and similar residues are indicated in lighter
shading.
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Figure 3. Expression of V3R Receptor Transcripts in Adult Mouse VNO
Cross-sections of mouse VNO epithelium were hybridized to digoxigen-labeled antisense RNA probes of either individual V3R receptors or
a mix of V3Rs or V1Rs. Each individual receptor probe hybridizes to a small subset (0.2%–2.2%) of VNO neurons (A–E). A mix of 6 non-cross-
hybridizing V3R receptor probes labels a large subset of apical VNO neurons, in a very similar pattern to the one generated by a mix of V1R
receptor probes (F and G). A mix of all V1R and V3R probes labels significantly more neurons than each mix does separately and appears to
encompass most of the subpopulation of VNO neurons that also expresses Gai2 (H). Gai2 expression is shown in (I); (J) shows Gao expression.
anism associated with the expression or the RNA pro- in the apical zone of the VNO raises the possibility that
a member of each receptor family could be coexpressedcessing of this particular class of transcripts.
We then examined the specificity of V3R expression by individual Gai2-positive neurons. The functional asso-
ciation of two distinct seven-transmembrane domainby in situ hybridization to sections of various neural and
nonneuronal tissues. None of the V3R antisense RNA receptors, such as the dopamine and the somatostatin
receptors, has been shown to provide new receptorprobes showed any hybridization signal to cross sec-
tions of brain, MOE, or tongue (data not shown). properties to the cell (Rocheville et al., 2000). In other
systems, the molecular association of two distinctOverall, the specific expression of the V3R receptor
family by VNO sensory neurons but not by any other GPCRs, GABABR1 and 2 (Jones et al., 1998; Kaupmann
et al., 1998; White et al., 1998; Kuner et al., 1999), hasneuronal or nonneuronal tissue, together with the ex-
pression of individual receptor genes by small and non- been shown to be required for adequate addressing of
the receptor to the cell surface and therefore for theoverlapping subsets of VNO neurons, closely parallels
the distribution of the V1R and V2R receptor gene fami- receptor function. Similarly, coexpression of V1R and
V3R within the same cells may be required for properlies and are all consistent with a role of those receptors
as the mammalian pheromone receptors. signaling. Alternatively, the expression of the V1R and
the V3R receptor families may be mutually exclusive in
individual VNO neurons, suggesting that each receptorTwo Distinct Populations of Sensory Neurons Are
Mingled within the Apical VNO Neuroepithelium family may play a different and independent role in the
detection of pheromone ligands.The V3R-positive neurons appear mainly located in the
apical area of the neuroepithelium. This zone of the Two sets of experiments were performed to address
this issue. We first compared VNO sections hybridizedepithelium has been shown (Dulac and Axel, 1995) to
contain Gai2-positive, V1R-positive neurons (Figures 3G with, respectively, a mix of V3R probes, a mix of V1R
probes, and a combined mix of V1Rs and V3Rs. Asand 3H). Double in situ hybridization with a mix of recep-
tor FITC-labeled and Gai2 digoxigenin–labeled probes shown in Figures 3F–3H, a significantly larger population
of apical VNO neurons is recognized with the combineddirectly demonstrates that both populations of V1R-pos-
itive and of V3R-positive neurons are coexpressing Gai2 mix than with each of the V1R or the V3R mix, suggesting
the existence of distinct V1R-positive and V3R-positive(Figures 4G–4J).
The expression of both V1R and V3R receptor genes neuronal populations. Remarkably, the combined blend
(B) Southern blot analysis of 6 V3R pheromone receptor cDNAs. Mouse genomic DNA was digested with restriction enzymes EcoRI and PstI,
electrophoresed on agarose gels, and blotted to nylon membranes. Blots were hybridized under high stringency conditions to 32P-labeled
probes of cDNAs V3Rs 8, 9, 10, 1, 6, and 7 (shown in 1–6, respectively). Multiple bands within one lane indicate cross hybridization of the
receptor probe with other genes of the V3R family, defining a subfamily of V3R related sequences.
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Figure 4. Fluorescent Double In Situ Hybridization of Pheromone Receptors and Gai2 in the VNO
(A–F) Individual V3Rs are expressed by distinct subpopulations of VNO neurons. Pairwise combinations of various V3R DIG- and FITC-labeled
antisense RNAs on cross-sections of adult VNO epithelium show that cells expressing one member of the V3R gene family are not labeled
with probes recognizing another V3R gene. DIG-labeled RNA is visualized in green, and FITC-labeled RNA is visualized in red.
(G–L) V3Rs and V1Rs both colocalize with Gai2, but never with each other. A mix of 6 FITC-labeled V3R RNAs and DIG-labeled Gai2 RNA on a
single cross-section of VNO neuroepithelium (G and H). Overlapping red and green signals results in a yellow color. A closer magnification
of a V3R/Gai2 double hybridization (H).
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of V1R and V3R probes appear to encompass most of receptor gene appears confined to small and nonover-
lapping subpopulations of VNO neurons, supporting thethe Gai2-positive VNO population (Figures 3H and 3I).
Second, we have performed series of double in situ idea that individual VNO neurons express only one re-
ceptor gene. This array of properties is consistent withhybridizations with mixes of V1R and mixes of V3R re-
ceptor probes on multiple VNO cross sections (n 5 100). the role of V3R as a novel family of pheromone receptors.
The V3R are distantly related to two other familiesData obtained (Figures 4K and 4L) unambiguously dem-
onstrate that the V1R-positive and V3R-positive neu- of mammalian chemosensory receptors, the putative
pheromone receptors, V1Rs, and the taste receptors,ronal populations are distinct and nonoverlapping.
T2Rs. This suggests that V1R, T2R, and V3R genes
originate from a distant common ancestor, conceivablyV3R Genes in Humans
We have investigated the presence of V3R genes in the expressed in a generic chemosensory receptor cell de-
tecting water-soluble chemical cues. Do these recep-genome of various vertebrate species. Low stringency
hybridization of mixes of V3R receptor genes to South- tors, and particularly V1Rs and V3Rs, which show closer
similarity and are both expressed in the same sensoryern blots containing genomic DNA from various animal
species, or zooblots, indicated the existence of related organ, constitute functionally distinct classes of chemo-
sensory receptors? Alternatively, could the V1Rs andreceptor sequences in many mammals, including cow,
pig, cat, Rhesus monkey, and human (data not shown). the V3Rs be distant members of a common and larger
pheromone receptor family? This latter hypothesis thatNo signal was observed in fish and chicken. The advance
of the human genome project offered the opportunity implies the existence of yet other VR-type receptors can
be largely ruled out from our estimate of the sizes ofto directly search for V1R and V3R orthologs. Numerous
sequences were obtained from which queries with the the V1R and V3R families (see discussion below). These
numbers indeed largely fit with the number of receptorhighest scores were further analyzed. We observed that
the human sequences were each clearly and very dis- populations expected in the apical VNO. Unambiguous
functional distinction between V1R and V3R receptorstinctively related to either the V1R or the V3R gene family
(Figures 5A–5C). Interestingly, when mouse and human will await the identification of the receptors’ cognate
ligands and/or distinctive role in the pheromone re-V1R, V3R, and T2R sequences are depicted on a phylo-
genic tree (Figure 5D), mouse and human T2Rs seem sponse. However, several set of data argue that the
V1Rs and the V3Rs are likely to form distinct receptorto easily intermingle, whereas human and rodent V1Rs
and V3Rs, although clearly clustering according to each families with different functional roles. First, the ex-
tremely low level of overall sequence identity sharedreceptor family, form species-specific subclusters. It is
quite tempting to speculate that similarly, at the level of between the V3Rs, the V1Rs and T2Rs (respectively
in the 20% and 15% range) strongly suggest distinctthe receptor ligands, one might expect more pro-
nounced similarities in mouse and human tastants than receptor properties. Similar evolutionary distance links
receptor families that are unambiguously independentin potential pheromonal ligands.
As has been predicted in preliminary results (Dulac and functionally divergent, such as the olfactory and the
adenosine receptors (20%), the opsin and the somato-and Axel, 1995), all human V1R homologs identified in
our search showed deleterious mutations such as multi- statin receptors (18%). More importantly, whereas re-
ceptors within each family exhibit extensive and charac-ple frameshifts and premature stop codons, indicating
the evolution of those genes to the status of nonfunc- teristic consensus motifs that are likely to be tightly
linked with the distinctive functional properties of eachtional pseudogenes. However, although most identified
human V3R sequences displayed deleterious mutations pheromone receptor family, those signature sequences
are not shared across the V1R and the V3R families.within the coding region, one of them (GA6737979) ap-
pears perfectly able to generate a fully functional tran- V1Rs and V3Rs thus appears like distinctive classes of
receptors with only small and sparse clusters of com-script and receptor.
mon amino acids that are also, although to a lesser
extent, shared by the T2R as well.Discussion
We have identified a novel multigene family that encodes The Identification of the V3R Gene Family Reveals
an Unexpected Cellular Complexity Carryingseven-transmembrane domain receptors, the V3Rs,
likely to represent a new class of pheromone receptors Vomeronasal Function
The characterization of now three independent molecu-in mammals. Our data suggest that the V3R family com-
prises over 100 genes. The expression of V3Rs is strictly lar and cellular receptor populations in the VNO raises
critical issues about the sensory logic of the mammalianrestricted to the VNO, and the V3Rs are found in the
apical portion of the VNO neurepithelium in a specific pheromone signaling and the chemical nature of the
pheromones themselves. From our study, the VNOsubpopulation of sensory neurons that lack expression
of both V1Rs and V2Rs, two other families of candidate emerges as a composite sensory organ, in which at least
three distinct populations of chemosensory neurons arepheromone receptors. Moreover, the expression of each
(I and J) DIG-labeled Gai2 RNA and a mix of FITC-labeled V1R RNAs together on a single section.
(K and L) A mix of FITC-labeled V3Rs and DIG-labeled V1Rs show no coexpression of the two families within the same neurons.
(M) Optical section of VNO neurons labeled with a mix of DIG-labeled V3R RNA probes and the DNA stain To-Pro3 shows a nuclear localization
of receptor transcripts.
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intermingled. This sharply contrasts with the relatively
simpler cellular and molecular structure of the main ol-
factory epithelium in which one unique type of olfactory
sensory neuron has been recognized. Surprisingly, al-
though the range of molecules detected by the VNO
is likely to be far smaller than that of odorants, three
divergent candidate pheromone receptor families have
been identified in the VNO, whereas one single but very
large family of relatively similar OR sequences appears
to fulfill the molecular requirement for odorant recogni-
tion. Could one expect yet more pheromone receptor
families to be discovered in the future? A simple calcula-
tion suggests that this is rather unlikely. Our in situ hy-
bridization data reveals that the Gai2 zone constitutes
about one-third of the VNO neuroepithelium and that a
single receptor gene subfamily such as V3R6 is ex-
pressed by about 0.2% of the VNO neurons or about
0.6% of the Gai2-positive neurons. The number is some-
what indirectly confirmed by the estimated frequency
of VNO neurons in a slice preparation responding to a
specific pheromonal compound (Leinders-Zufall et al.,
2000). This suggests that overall the Gai2 zone comprises
150–200 distinct populations of receptor neurons, a
number close from our estimates of the combined size
of the V1R (about 80 genes) and the V3R family (about
120 genes). Despite the level of imprecision of such a
calculation, our data suggest that all Gai2-positive neu-
rons might be now accounted for in terms of pheromone
receptor expression. The identification of as many as
200 distinct receptor populations in the Gai2-positive
subset of the VNO strikingly exceeds previous estimates
and reveals a remarkable molecular and cellular com-
plexity required for pheromone detection.
What is the molecular and functional significance of
this organization? A handful of chemicals have been
isolated from mouse urine that participate in behavioral
and endocrine responses such as intermale aggression
and changes in puberty onset and oestrus cycle (No-
votny et al., 1985, 1999; Jemiolo et al., 1986). However,
recent analysis of the sensory response to pheromonal
stimuli in large populations of VNO neurons directly chal-
lenges the idea that the six identified chemicals account
for a sizeable portion of all pheromone signals detected
in the VNO (Holy et al., 2000; Leinders-Zufall et al., 2000).
Moreover, those studies have pointed to a mode of VNO
signaling that strikingly differs from the combinatorial
code identified in the olfactory system. It has been
shown that a given odorant stimulus activates multiple
populations of olfactory neurons (Sicard and Holley,
1984; Firestein et al., 1993; Sato et al., 1994; Malnic et
al., 1999). In contrast, the sharp tuning of VNO neuronsFigure 5. V3Rs Have Human Homologs Distinct from V1R Homologs
to specific pheromones, together with the lack of clus-Human sequences were identified that share strong similarity with
either the mouse V3Rs or the mouse V1Rs. tering of neuronal response type after stimulation with
(A–C) Portions of alignments of amino acid sequences of mouse diluted urine, suggest an extreme diversity among pher-
and human V3Rs and V1Rs. Shaded areas indicate regions of iden- omonal ligands matched by the large number and the
tity shared between mouse and human V3Rs (top lines) and between heterogeneity of pheromone receptor molecules. The
mouse and human V1Rs (bottom lines). Residues that demonstrate
identification of multiple and large receptor families of-differences between the two families are highlighted by asterisks.
fers the direct opportunity to design functional and ge-(D) A phylogenetic tree (neighbor-joining method with 1,000 boot-
netic experiments that address the key issues of phero-strap trials), depicting the evolutionary relatedness of mouse and
human V3Rs, V1Rs, and T2Rs, showing two different classes of mone signaling leading to behaviors. What is the
human sequences that are more similar to one or the other of V3Rs chemical nature of those pheromonal ligands? What
or V1Rs. V3R-related human clone 6737979, highlighted in red, is a type of information is provided by individual ligands
complete intact ORF with no frameshifts or stop codons. and by the stimulation of individual receptors? Are the
specific modalities of the pheromone information re-
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garding the species, the sex, the sibling, and genetic of receptor expression in the vomeronasal and olfactory
identity of the animal carried by distinct pheromone re- epithelia and, possibly, provide new molecular insight
ceptor families? How is the information provided by the into the human chemistry of this mysterious sense of
distinct receptor families processed in the different relay smell.
stations of the vomeronasal pathway?
Direct visualization of axonal projections from VNO Experimental Procedures
neurons expressing a specific pheromone receptor of
the V1R family has been made possible by constructing Preparation of Single-Cell cDNA and Libraries
VNOs and MOEs were dissected from adult male C57Bl/6J mice.mouse lines in which an IRES-tau-lacZ cassette has
Synthesis and amplification of single-cell cDNA were performed asbeen inserted by homologous recombination into the
described in Dulac and Axel (1995). The single-cell cDNAs werelocus of a receptor gene (Belluscio et al., 1999; Rodri-
checked by Southern blot analysis for the presence of tubulin andquez et al., 1999). These experiments have revealed the OMP. Tubulin is expressed strongly in both VNO and MOE neurons,
existence of a complex yet spatially conserved topo- while OMP is expressed more strongly in the MOE than in the VNO.
graphic map of VNO receptor projections according to VNO cDNAs were also probed for the presence of Gao or Gai2. Single-
cell cDNA VNO-C showed strong expression of tubulin and Gai2, andwhich the AOB is organized into large domains of sen-
a weaker level of OMP. Single-cell cDNA MOE-1 was selected basedsory projections. Each projection domain comprises
on strong expression of both tubulin and OMP. Additionally, PCRmultiple glomeruli and receives input from several re-
with degenerate primers showed the presence of olfactory receptorceptor populations of VNO neurons. This organization
in the MOE-1 cDNA. A VNO-C single-cell cDNA library was prepared
demonstrates that a large range of information pro- as previously published (Dulac and Axel, 1995), except that a small
cessing already takes place at the level of the AOB, the portion of the cDNA was subjected to another round of amplification
first brain relay station of the vomeronasal pathway. (30 cycles) by PCR before use in constructing the phage library.
Moreover, the extensive integration of the primary sen-
sory input suggests that VNO signaling involves the acti- Subtractive Hybridization of Single-Cell cDNAs
vation of multiple populations of sensory neurons and To generate the subtraction product VNOC-MOE1, representational
the recognition of complex blends of chemical cues difference analysis (Hubank and Schatz, 1994) was adapted for use
with single-cell cDNAs: Single-cell cDNAs VNO-C and MOE-1 were(Dulac, 2000).
amplified separately by PCR, with each 100 ml reaction containingIt is worth noting that the V2R-positive neurons estab-
10 ml Perkin Elmer 103 PCR Buffer, 10 ml 25 mM MgCl2, 20 nM eachlish synapses to mitral cells in the posterior AOB,
of dATP, dGTP, dTTP, and dCTP, 5 U Perkin Elmer Taq Polymerase,whereas the V1R- and V3R-expressing neurons are likely
0.25 ml single-cell cDNA, and 5 mg of the PCR primer OL1-Bgl1:
to project to a distinct subset of mitral cells in the ante- ATG TCG TCC AGG CCG CTC TGG ACA AAA TAT AGA TCT (T)24.
rior AOB. Several lines of evidence suggest that the Twenty reactions were prepared for each cDNA. The PCR program
populations of mitral cells in anterior and the posterior run was 1.5 min at 948C, 2 min at 428C, and 3 min at 728C for 30
cycles, followed by a 20 min extension at 728C. Like samples wereAOB are functioning independently (Sugai et al., 1997;
pooled and extracted with phenol/chloroform, precipitated, and re-Sugai et al., 2000). Thus, the Gao-positive, V2R-positive
suspended in water to 500 ng/ml. Primers were removed by digestionsensory neurons of the basal VNO neuroepithelium are
with Sau3AI and digested product was once again extracted, precip-
detecting a sensory signal that is processed separately itated, and resuspended to 500 ng/ml. Twenty micrograms of the
in the brain from that generated by the V1R- and V3R- VNO-C sample only was gel purified (QiaQuick Gel Extraction Kit,
expressing neurons, at least prior to the amygdala, the Qiagen), and 2 mg of the purified VNO-C was ligated to oligos
J-Bgl-12 and J-Bgl-24. J-ligated VNO-C was diluted to 10 ng/ml in TE.first site where both sensory pathways are thought to
For the subtractive hybridization, MOE-1 cDNA was combined withconverge (Martinez-Marcos and Halpern, 1999; von
J-ligated VNO-C cDNA at a ratio of 100:1. The hybridization productCampenhausen and Mori, 2000). In contrast, the neu-
was PCR amplified with J-Bgl-24 so that only VNO-C self-hybridsronal information generated by V1R- and V3R-positive
will be exponentially amplified. Single-stranded DNA was digested
neurons is likely to be processed and integrated at an with mung bean nuclease, and the remaining double stranded DNA
earlier stage by mitral cells of the anterior AOB. Further was again amplified by PCR as described by Hubank and Schatz.
genetic studies will determine whether domains of re- The resulting difference product (DP1 C-1) is enriched for transcripts
present in the original VNO-C cDNA but absent from the MOE-1ceptor projection identified for neurons expressing a
cDNA. A comparison of VNO-C cDNA and DP1 C-1 DNA by Southernspecific V1R receptor also comprise V3R-positive fibers.
blot analysis revealed that DP1 C-1 was enriched for VNO-C specificThe identification of a potentially functional V3R tran-
species (Gai2 and a VNO-specific marker, #48) and depleted of tran-script raises the tantalizing possibility of some remains
scripts common to MOE-1 and VNO-C (OMP and tubulin).
of V3R function in human. More of such sequences might
still be uncovered in the fully sequenced human genome.
Differential Screening of Single-Cell LibraryDoes the existence of this—so far unique—functional
DP1 C-1 and MOE-1 probes were synthesized as described (Dulactranscript of a putative pheromone receptor provide an
and Axel, 1995), except that oligo J-Bgl-24 was used with J-ligated
unambiguous indication of pheromone signaling in hu- DP1 C-1 and oligo OL1-Bgl-1 was used with amplified MOE-1 cDNA.
mans? Not entirely, in spite of one’s fear—or fantasy. Five thousand plaque-forming units of the VNO-C cDNA library were
The extremely large set of receptor genes identified in plated at low density and lifted to duplicate filters (Hybond N1,
the VNO of rodents suggests a complexity of pheromone Amersham), which were hybridized with the DP1 C-1 probe and
the MOE-1 probe. Differential screening and subsequent Southernsignaling leading to behavioral changes that is unlikely
hybridization for VNO-C specificity were performed as describedto be achieved by a unique functional receptor in hu-
(Dulac and Axel, 1995). After dot blot cross-hybridization with indi-mans. Moreover, in depth cellular and molecular analy-
vidual clones to eliminate duplicates, 19 unique, VNO-C-specific
sis of the vomeronasal mucosa in humans failed so far clones were identified. These 19 phage clones were in vivo excised
to identify a full-fledged sensory neuron (Trotier et al., (Stratagene) to obtain plasmid containing the inserts. DNA sequenc-
2000). Thus, in situ expression analysis, although not ing and sequence analysis was performed as described (Herrada
and Dulac, 1997).readily available, will be critical to assess the specificity
Neuron
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